Substrate recognition by the EcoRI restriction endonuclease was investigated by analysis of the nucleotide sequences at the sites of enzymatic cleavage in various DNA molecules. 5'-end labeling and homochromatographic fingerprinting led to the determination of a 17-base-pair sequence spanning the EcoRI site of simian virus 40 DNA and a 15-base-pair sequence overlapping the EcoRI site of Col El plasmid DNA. Three other DNAs were similarly tested, although extended sequences were not determined in these cases. The EcoRI site was shown to be the symmetric, double-stranded equivalent of
INTRODUCTION
The Type II restriction endonucleases ' are widely used in the analysis and manipulation of DNA molecules. The sequence-specific cleavage properties of these enzymes have been used to physically map viral genomes , to segment DNA for nucleotide sequence analysis ' ' , and to produce defined, cohesive termini for the in vitro construction of re-7 8 combinant DNA molecules ' . The nucleotide sequences at the cleavage sites of a number of Type II endonucleases have been determined ' ' All of the determined sites are relatively small (4-6 nucleotide base pairs) sequences possessing axes of twofold rotational symmetry. One of these enzymes, the EcoRI restriction endonuclease , makes two staggered, single-strand scissions in DNA, four base pairs apart, to produce DNA fragments with cohesive, phosphorylated 5'-termini. The cleavage site of the EcoRI endonuclease has been determined to be " : I . and Col El 1 7 to full-length, linear molecules with the EcoRI restriction-site sequence at the 5 1 -end of each strand. Technically, the analyses in these cases were identical to the sequencing of the termini 18 of the lambdoid phages ; only two 5'-sequences for each DNA had to be distinguished.
Our sequencing scheme was based on two-dimensional homochromatographic analysis of the labeled termini. The procedure proved to be an easy and rapid method for determining the terminal sequences of DNA.
We were able to obtain by direct analysis the sequence of 17 nucleotide pairs spanning the EcoRI site of SV40 DNA and 15 base pairs overlapping the EcoRI site of Col El plasmid DNA. These two sequences and the more limited ones obtained from the EcoRI sites of the bacteriophage and micrococcal DNAs display no unusual features outside the six-base-pair sequence shown above. We find both G-C and A-T base pairs neighboring the hexamer and we find no elements of symmetry beyond it. We conclude that the EcoRI recognition site is the central hexamer of the previously determined sequence , and that this is substrate for the endonuclease regardless of the identity of the base pairs outside this sequence.
MATERIALS AND METHODS

Materials
Enzymes. EcoRI endonuclease, prepared by a published procedure , was generously provided by P. J. Greene. The enzyme was homogeneous as determined by SDS-polyacrylamide gel electrophoresis and was free of contaminating nucleolytic activities. Polynucleotide kinase was purchased from P-L Biochemicals, Inc. P-L lot number PR 1 did not contain DNase or significant phosphatase activity. Bacterial alkaline phosphatase was code BAPF from the Worthington Biochemical Corporation and wa6 used as supplied without further purification. Pancreatic DNase (DPFF) and snake venom phosphodiesterase were both also from Worthington. They were stored frozen at 1 mg/ml in their respective reaction buffers, thawed for use as needed, and refrozen.
DNAs. The preparations of SV40 DNA and the bacteriophage fimole of rATP and 6 units each of rabbit-muscle glyceraldehyde-3-phosphate dehydrogenase (Worthington) and 3-phosphoglyceric phosphokinase (Sigma). Two ^moles of MgCl, were added and the exchange reaction was allowed to proceed for 1 hour at room temperature (about 22°C). The reaction mixture was then diluted with 5-10 ml of water and loaded on a small (0.5 ml) column of QAE-Sephadex to purify the labeled nucleotide.
The column was packed in water in a pasteur pipette loosely plugged with glass wool and washed first with about 2 ml of 0. IN acetic acid and then with about 2 ml of water before the diluted reaction mixture was applied.
After washing the loaded column with about 5-10 ml of water, PO.'was eluted with 0. 02N HC1 and [ y- These were applied to the origin of a 110-cm sheet of DEAE-cellulose paper for separation by high-voltage (2 kV) electrophoresis in a pH 1. 9 electrolyte buffer (2. 5% formic acid, 8. 7% acetic acid). In early trials, the sample aliquots were divided in two for electrophoresis at pH 3. 5 (5% acetic acid, 0. 5% pyridine) as well as at pH 1. 9 for additional confirmation of the identities of the smallest molecules. The labeled digestion products were located by radioautography and the relative mob : lities of the oligonucleo-Q tides in the sample lanes were measured for " M -v a l u e " determinations ' ' ' (M-values a r e diagnostic of the 3'-terminal residues exonucleolytically removed by the snake venom enzyme. The M-value for a particular split is the ratio of the difference in mobilities between an oligonucleotide and its first degradation product to the mobility of the oligonucleo-tide ). To verify sequence assignments, the partial-digestion products of selected oligonucleotides were fractionated two-dimensionally on the homochromatography system. In these cases, the timed aliquots were squirted on polyethylene sheets and immediately dried in a vacuum desiccator.
These digests were pooled by drying each aliquot on top of the preceding ones. The final dried samples were dissolved in 2-3 p.1 of 7M urea-pH 3. 5
buffer for cellulose acetate electrophoresis.
RESULTS
We have used 5'-end labeling and homochromatographic fingerprinting to determine the nucleotide sequences in the vicinities of the EcoRI sites 1 of five different DNAs. These procedures are very simple and rapid, and are quite reliable for the direct analysis of short DNA sequences.
Purified DNA was digested to completion with EcoRI endonuclease. Fractionation of Oligonucleotides ' . The dried pancreatic DNase digestion products were dissolved in 2-3 (j.1 of water and applied to a strip of cellulose acetate wetted with 7M urea, 10% acetic acid, 0. 001M Na 2 -EDTA, pH 3.5, for electrophoretic fractionation. High-voltage electrophoresis at 6 kV was continued until the distance between the blue (xylene cyanol FF) and major pink (acid fuchsin) components of the tracking dye was about 16 cm. Nearly all of the radioactivity migrated between these two dye markers, and this region was transferred by blot-19 ting to a 1:7. 5 DEAE:cellulose thin-layer plate. pA and pA-A were generated in very low yield. They migrated more slowly than the blue dye and were not included in the region transferred to the thin layer. After the transfer, the thin layer was dried and washed with 95% ethanol to remove residual urea. Second-dimensional fractionation was by ascending homochromatography at 60°C in homomixture c. (Homomixture c was prepared 19 by the recipe given by Brownlee and Sanger and consisted of a neutralized and extensively dialyzed 3% solution of 30-minute-hydrolyzed RNA in 7M urea, 0. 001M EDTA. It was stored frozen, thawed for use, and reused until resolution had noticeably deteriorated. ) After chromatography, the thin-layer plate was dried and radioautographed. The labeled oligonucleotides from the 5 1 -termini of the EcoRI-digested DNA were located by means 19 25 of the radioautograph, eluted as described ' with three additions of 200 |xl of 2M TEAB, dried under streams of air, and washed three times with water.
Partial Digestion with Snake Venom Phosphodiesterase. Samples eluted from homochromatography thin layers were dissolved in 25 jil of a 0.25 mg/ml solution of snake venom phosphodiesterase in 0. 02M Tris-HCl, used as indicators of their sequences, and the sequences confirmed by analysis of the products of partial exonucleolytic hydrolysis of the eluted molecules.
A representative fingerprint obtained from 5'-labeled, EcoRI-cleaved SV40 DNA is shown in Fig. 1 . Cleavage of covalently-closed, supercoiled SV40 DNA by EcoRI endonuclease converted the DNA to the linear form terminated at both ends with the nucleotide sequence of the EcoRI substrate site. After labeling and fingerprinting, only those oligonucleotides arising from the 5'-termini of the two strands of the EcoRI-cleaved DNA were detectable by radioautography. Moreover, the first five nucleotides from the 5'-end of each strand were the components of the EcoRI substrate sequence. The two sequences at the 5'-ends of the two labeled DNA strands were well resolved on the homo chromatograms and this allowed the sequences to be essentially "read off" from the spots on the radioautograph . The relative intensities of the spots in the fingerprints may reflect the cleavage preferences of pancreatic DNase It has been recognized for some time 6> 9 ' 2 0 ' 2 4 ' 2 8 f 2 9 / 3 0 that the position of an oligonucleotide on a two-dimensional electrophoretic-homochromatographic fingerprint depends on its composition; the relative positions of two oligonucleotides originating from a common terminus depends on the sequence differences between the two compounds. The pattern shown in Fig. 1 represents two families of sequences originating To make certain that the two 5 1 -sequences were properly assigned, we used the two-dimensional fractionation system to identify the snake venom phosphodiesterase partial digestion products of selected oligonucleotides.
The homochromatograms of the partial exonuclease digestion products of Figs. 2a and 2b, respectively) are characteristic of the two sequences.
pA-A-T-T-C-C-T-T-T and pA-A-T-T-C-T-C-G-C-C (
Col El plasmid DNA was used as substrate for EcoRI endonuclease in a parallel analysis to test for structural features at the EcoRI site that might be significant but overlooked with use of only one substrate DNA.
Col El DNA is also a closed-circular molecule with a single, unique EcoRI site. Nucleotide sequence analysis at the EcoRI site of Col El plasmid DNA was done exactly as described above for the analysis of SV40 DNA. A representative fingerprint is shown in Fig. 3 
16) 
M-valuea for the ohjonuc leotide a from the 5'-end* of EcoRl-cleaved SV40 DNA (A) and Col El plaanud DNA (E>. The M-value* shown were measured oa the radioauu>|raphi of the electrophoretograjns (DEAX-paper. pH 1. 9) of the products of the partial exonucleolytic degradation of oligonncleotides eluted from homochramatography thin-layers (Fig*, land 3 exonuclease digestion products are listed in Table IB . Electrophoresi6 of the snake venom phosphodiesterase digestion products of the 5'-labeled oligonucleotides was only done at pH 1. 9, since the smallest of them migrated identically to the analogous SV40 DNA products.
We were able to determine the sequences of eleven nucleotides on one strand of SV40 DNA and ten nucleotides on the other by the methods pre- 
-T-T-C-C-T-T-T (a) and pA-A-T-T-C-T-C-G-C-C (b)
. The stepwise reconstruction of the two sequences from the exonuclease digestion products is illustrated. The elongated shapes of the spots resulted from an overloading of the cellulose acetate. The composite pattern of these two fingerprints is identical to the corresponding portion of the fingerprint shown in Fig. 1 .
commercial micrococcal DNA were all badly nicked during purification.
Dephosphorylation and rephosphorylation led to the incorporation of P-phospha*^ groups into the 5'-termini of these nicks resulting in the appearance of extraneous oligonucleotides on the homochromatograms. The major spots on the patterns, nevertheless, corresponded to the EcoRI sequences. By analyzing a number of them, we were able to obtain useful sequence information. The five EcoRI sites on phage * DNA yield the have shown that by altering digestion conditions, the substrate specificity of the EcoRI endonuclease can be reduced to the central tetranucleotide of the canonical sequence. These observations, together with those of Dugaiczyk et al. and those presented here, argue strongly that the r estriction, modification, and recognition sites of the EcoRI system are one and the same and consist of the symmetrical, double-stranded equivalent of the sequence -G-A-A-T-T-C-. The finding that the different EcoRI sites on bacteriophage ^DNA are cleaved at varying rates suggests that sequences outside the hexamer may influence the rate of cleavage at a particular site.
The method of analysis we have used provides a rapid and simple procedure for the determination of the nucleotide sequences of restriction sites in particular and the termini of DNA molecules in general. The major limitation in the technique as we have used it is in the electrophoretic fractionation of the partial exonuclease products for verification of sequences. Even with extended electrophoretic runs, oligonucleotides much longer than the ones we have studied do not move far enough from the origin of the DEAE-paper for accurate determination of mobilities. Homochromatographic fractionation has to be used to detect the splits made in large molecules and this increases both the amount of labor and the time required for the analysis. The range of the primary fingerprinting can, however, be easily increased to longer oligonucleotides by use of short DNase digestion times and alternative homomixtures. For example, through the use of homomixtures c (3%) made with RNA hydrolyzed for 10 and 15 minutes we have been able to make the next size class of oligonucleotides available for analysis.
